INTRODUCTION

Examination
of concentration data for alkaline material dissolved in rainwater samples of the National Acid Deposition Program/National Trends Network (NADP/NTN) for large regions of United States shows that significant sources of alkaline material exist [Semonin, 1986] . One major source of such material is dust emission caused by wind erosion. Such emissions are especially important in the western United States because of the predominance of soils that accumulate calcium and other alkaline elements in this region [Birkeland, 1974] . The consequence of the alkaline material is to affect the acid/base balance of atmospheric deposition.
It is the purpose of this paper to develop a model to estimate total dust production caused by wind erosion for the United States for the National Acid Precipitation Assessment Program (NAPAP).
The model does not use existing estimates of total soil erosion mass flux, as was done by Evans and Cooper [1980] , because the calculation of total soil movement is an integration of horizontal mass flux at the downwind perimeter of an eroding area; dust flux should be calculated as an integral of vertical mass flux over the entire eroding area. Gillette [1986] reviewed the method for estimating total mass flux of eroding soil as used by Evans and Cooper and suggested that it probably overestimates erosion for regions outside of the region of development, the great plains of the United States. Since the dust flux was expressed by Evans and Cooper as a constant fraction of the total soil erosion flux, it is likely that dust flux is similarly overestimated. Also, since eroding areas having a large fetch length come to a saturation level of total soil flux after a certain distance, a large erodible field may have the same total soil loss as a much smaller field having the same erodible soil and wind stress. Dust flux (a small quantity compared with the total soil mass flux) does not come to a Copyright 1988 by the American Geophysical Union.
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METHOD OF DUST EMISSION ESTIMATION
As an alternative, our approach for modeling dust emissions follows the methodology proposed by Gillette [1986] . This is accomplished by evaluation of the expression 
A similar expression for computation of wind erosion is given in the appendix.
The drag coefficient was evaluated by the method of Wieringa [1976] . In this method, wind speed at 60 m is considered to be regionally constant. For winds above threshold velocity for wind erosion of soils, Gillette [1981] showed that the atmosphere was neutrally stratified. Thus, the wind profiles could be expressed by [Priestley, 1959] U, asymptotically approaches the fourth power of friction The probability density function best describing natural velocity. Owen's plot of the dust flux G as a function of winds that has been widely used in wind energy studies is the friction velocity u, is shown in Figure 1 
where C2 is a constant. Now, since friction velocity is related to mean wind speed for wind speeds at which erosion takes place by u, = (ca) U
where ca is the drag coefficient [Priestley, 1959] , we get the relationship
Estimation of the two parameters c and k of the Weibull distribution may be determined directly from the wind data by using the maximum likelihood method [Johnson and Kotz, 1970] 
Threshold velocities were computed from threshold friction velocities using (3).
Threshold friction velocities were calculated, as explained later, for each month for which we had land use, soil, and wind erosion data. Precipitation for the same 4 years was obtained from the National Climatic Data Center.
Threshold friction velocities were obtained for arid regions from Gillette et al. [1980, 1982] and for agricultural soils from Gillette [1988] . In assigning threshold friction velocity, the first classification made was by land use. The categories of land use were the following: (1) barren land; (2) pasture or range; (3) cropland; (4) forest, built-up, water land, or urban; (5) rural transportation; and (6) other farm use such as farmsteads and headquarters.
For barren lands, the monthly threshold velocities were not made to vary over the year. From the above references, the following threshold velocities, given in Table 2 , were assigned to the barren land forms:
Pasture and range information was subdivided by the condition of the land. For pasture and range in good condition, threshold friction velocity was set to 100 cm For pasture and range in poor, overgrazed condition, threshold friction velocity was set to 45 cm s4. The same value was given for all months of the year, since information on condition applied for the entire year.
When land use was classified as being forest, built up land, water land, or urban land, a value of 999 cm s4 was assigned to the threshold friction velocity. For the disturbed soils of dirt roads (rural transportation) a threshold velocity of 30 cm s -1 was assigned, based on observations for a number of dirt roads. For the present estimation, dust production from rural roads was neglected, however.
For farmsteads and headquarters of farms, the soil was assumed to be nonerodible, but the disturbed areas corresponding to unpaved equipment parking areas, often disturbed and lacking covering vegetation, were assigned a threshold friction velocity of 45 cm s 4. No adjustments were made to incorporate the effect of spreading of wind erosion from rural roads onto fields immediately downwind of the roads.
For cropland, further classification took place. First, the soil was classified as to whether it was not irrigated or was irrigated by gravity irrigation, pressure irrigation, or both. This irrigation was assumed to be equivalent to at least 5.08 cm month-• of rai•tfall during the season when irrigation took Gillette [1988] to alter significantly the threshold velocity of the soil, increasing some soil textures and decreasing others. These data on the effect of rainfall on soils were used in the algorithm to compute monthly friction velocities.
Soils with crops were further subdivided by a simple division of crop type. Three subdivisions were used: (1) fall-planted small grain (for which upright live winter cover is provided by the crop); (2) spring-planted crops; and (3) summer fallow (no crop grown but usually some vegetative residue is left on the soil surface for about 1 year).
Information on the vegetative residue on the surface of the land was provided for each record of the NRI data tape as supplementary erosion information. As explained by Gillette [1988] Table 3 were taken from information given by Gillette [1988] . In Table 3 the "before" threshold friction velocities reflect experimentally obtained values for soils having initial conditions of smooth, cloddy or rough, and crusted; the "after" columns show the threshold friction velocity following precipitation exceeding an equivalent rainfall of 5.08 cm. Recently disturbed soils described as having a "smooth" surface, are those with a ridge roughness factor (R) equal to 1 by surface soil texture are given in the first column. Soils having rough surfaces in clods or ridging (R < 1) were assigned to the "cloddy-rough" column. Following the assignment of initial threshold velocities, if precipitation exceeded 5.08 cm during 1 month, the threshold velocity in the "after" column was used for the following months. The thresholds so determined were used until the time of a significant tillage operation or plant emergence. It was assumed that wind erosion is effectively prevented from the time of plant emergence to harvest. For fall-planted crops this time is from October until harvest in about June. Cultivation takes place following harvest. Thus for fall-planted crops the wind erosion data were applied to calculate threshold friction velocities only from July through October. For spring-planted crops there is a longer period of vulnerability to wind erosion: following harvest until plant emergence in about May. Thus the wind erosion data were applied from September until the following May.
Threshold friction velocities in
For summer fallowing, we followed the suggestion of H.E. Dregne (personal communication, 1987) that about 50% of the initial vegetative residue will be consumed by decay and tillage operations after 6 months. For land described as fallowed, we thus examined the vegetative residue both at the beginning of the fallow period and 6 months into the fallow period in order to determine preventive effect of vegetative residue. For fallowed fields without sufficient vegetative residue, we applied the wind erosion data of the NRI at the time insufficient residue was on the surface to compute the threshold velocity. Precipitation data were used to determine when soil conditions changed, as described earlier.
Function of Soil Roughness
Roughness of the soil has the effect of trapping soil particles in addition to determining the aerodynamic roughness height. This aerodynamic roughness height strongly influences the turbulent flux of momentum from the wind, and consequently, it affects the friction velocity of the wind. Because increasing the roughness tends to increase the friction velocity of the wind and, at the same time, to trap soil particles and inhibit erosion, the effect of soil roughness is not straightforward. The functional form of a ridge roughness function for wind tunnel tests has been discussed by Fryrear [1984] and by Armbrust et al. [1964] . For the present assessment we used the function of ridge roughness of Arrnbrust et al. [1964] . The values of this function were listed in the NRI data set.
Over 97% of these values examined in the data set were between 0.5 and 1 for a
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prominent erosion area located largely in the panhandles of Texas and Oklahoma. Consequently, the maximum effect on dust production of using the listed values cannot be more than a factor of 2.
Effect of Field Length
The effect of field length on dust production has been attributed to two possible mechanisms: an aerodynamic feedback mechanism and a mechanism whereby sandblasting loosens downwind soils.
The aerodynamic feedback mechanism was proposed by P.R. Owen (unpublished manuscript, 1986). After saltation occurs, the airborne sand grains effectively increase the aerodynamic roughness height because they start with no initial forward momentum and are accelerated in the direction of the wind at some height above ground. The gain of momentum by sand grains is at the expense of the wind, which is decreased in speed very close to the ground. This deficit of momentum near the surface causes transport of momentum from greater height; the resulting increased momentum transport is then capable of transporting more soil material. The positive feedback continues until the adjustment of the wind profile reaches the planetary boundary layer height. Thus to compute the incomplete nth order Weibull moment M(Ut,, c, k; n) the following steps are followed in the algorithm:
Step 1. Compute c• = n/k + 1.
Step 2. Compute V = (Ut/•)k.
Step 3. Determine two consecutive values V• and V 2 in the look-up table (see appendix ), such that V z < V < V 2.
Step 4. Evaluate the sixth degree polynomials zz and using the coefficients of the look-up table of the appendix corresponding to V1 and V 2.
Step 5. Calculate the estimated value by
To lighten the computation effort, we first reduced (11) to canonical form, which allowed us to prepare a look-up table.
Substituting (8) one subarea within an MLRA were computed separately for each wind station and were then averaged to give the dust emission for one subarea of the MLRA. These averaged estimates were then summed over all erosion areas within the MLRA for that month. Soil data and land use data given by the NRI data set were used along with the supplementary wind erosion data. Precipitation data were used to compute threshold velocities and the other quantities used in (1).
CALIBRATION OF THE MODEL
In combining the values of expressions for the terms of (1), the constant C 2 in (4) was absorbed into the constant C of (1). To evaluate C for a scale appropriate to a national inventory, a large-scale area was chosen that could be effectively Gillette et al. [1978] . Table 8 lists the total dust mass input of dust having a particle size smaller than 20 g.m for five of the six dust storms of Figure 3 (numbers 1, 2, 4 , 5, and 6 refer to the respective storms). Because of the highly nonlinear nature of dust production, it was assumed that the total dust mass production by the largest dust storms during the month was practically equal to the total production for the month. The model was run for the month of April for 1972, 1973, and 1975 for the specified land use, soil, and wind erosion data to determine the constant C in (1), shown in Table 9 . The value of the constant C was then found to be 1.4 x 10 45 + 0.1 x 10 -xs.
CONCLUSIONS
We developed a model to compute the expectation of dust emissions, using a dust emission function based on theory and calibrated by experiment. The probability density function used was the two-parameter Weibull distribution, a distribution preferred in wind energy studies. The lower limit of integration was largely determined experimentally and includes the effects of vegetative residue, live standing plants, roughness of the soil, soil texture, and atmospheric precipitation. The dust production results were modified by using the ridge roughness factor of Armbrust et al. [1964] , although the modifications could be less than a factor of 2. The effect of field length was ignored in this treatment, but we hope it can be addressed in later works. The model was calibrated by using data from total dust production for a large area, including the panhandles of Texas and Oklahoma. It is planned to test the model with observed dustfall and visibility-reduction maps corresponding to dust generated by wind erosion. Sensitivity to model inputs will also be tested. 
